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STATUS OF THE SPACE CHARGE SIMULATION STUDIES OF THE PS 










One of the obstacles for the production of the higher brightness beams required for the ultimate LHC 
performance is the actual 50 MeV proton beam multi-turn injection from Linac2 into the PSB.  
The replacement of Linac2 with Linac4, a 160 MeV H- linear accelerator, and the implementation of a new 
charge-exchange injection system into the PSB will augment the number of particles that can be stored and 
accelerated within the stipulated emittances [1]. 
This paper presents a review of simulations performed with Accsim until now. Given that a lifelike 
simulation of the whole PSB cycle is excessively time consuming and cannot be tackled without some 
misgivings, many scenarios of diverse complexities were examined, aiming to make relevant predictions on 
the emittance progression during the beam storage and acceleration. The scenarios investigated cover (i) the 
actual PSB 50 MeV multi-turn injection, (ii) a very fast acceleration, albeit artificial, from 160 to 400 MeV in 
a few milliseconds, corresponding to the first hundred milliseconds of a usual PSB cycle, (iii) the LHC and 
CNGS beam behaviour on intermediary energy plateaus, considering different distributions and the use of a 
second harmonic cavity, (iv) the PSB 160 MeV charge-exchange injection for the LHC and CNGS beams. 
A last scenario, analysed for cross-checking, is the simulation of a recent experiment realized to study the 
emittance growth of a stored beam at 160 MeV in the PSB. As far as possible the outcome of each simulation 
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 1. Introduction 
The proton injector chain of accelerators will have to deliver beams for the LHC, CNGS and ISOLDE of 
higher intensity or brightness than presently achieved. A known drawback for high-brightness beams is the 
present Linac2 50 MeV multi-turn injection into the PSB. Especially, with this present injection scheme the 
intensity per bunch for LHC beams is restricted by the beam brightness that can be realized out of the PSB. 
Boosting the PSB injection energy from 50 MeV to 160 MeV, by Linac4 taking the place of Linac2, will 
enhance the quantity of particles that can be accumulated and accelerated within the required emittances (see 
Table 1.1). 
Several approaches can be envisaged to achieve the intensity increase. The energy dependence of beam 
direct space charge tune shifts is inversely proportional to the factor βγ2. Raising the PSB injection energy 
from 50 MeV to 160 MeV reduces the incoherent space-charge tune shift by about a factor two (since 
(βγ2)160MeV/(βγ2)50MeV=2.04). Therefore, doubling the beam intensity per PSB cycle within the same 
normalized transverse emittances should be feasible provided beams are injected at 160 MeV with the same 
tune shifts as at 50 MeV. With the present multi-turn injection scheme, about 50% of the Linac2 beam is lost 
at injection because of the limited septum aperture. This drawback should be cured by converting the 
injection scheme from multi-turn into charge-exchange injection. All PSB rings are presently filled with 
coasting beams injected during a few machine turns and bunched afterwards. Linac4 is equipped with a low-
energy beam chopper which should aid to reduce capture losses. Following the H- injection process, the beam 
is accelerated in each PSB ring from 160 MeV to 1.4 GeV in about 0.5 s, using (h=1) and (h=2) harmonic 
cavities. The injected bunch trains are longitudinally tailored to the RF bucket using the low-energy Linac4 
beam chopper [2].  
This paper summarizes the work conducted so far in the simulation of the beam behavior under the effect 
of space-charge forces at low energy. Table 1.1 summarizes the main beam parameters of the nominal 
(single-batch injection) and ultimate (double-batch injection) beams for LHC, the beams for CNGS (single-
batch injection) and the beams for ISOLDE (single-batch injection). 
 
Table1.1: Intensity and emittance figures of the beams for LHC, CNGS and ISOLDE [1]. 
 PSB intensity per 
ring (at 1.4 GeV) 
PSB r.m.s. norm. 
emittances [µm] 
LHC nominal beam (1)
(single batch with Linac4) 
3.25×1012 
(2 bunches per ring) 
2.5 (H) 
2.5 (V) 
LHC ultimate beam (1)
(double batch with Linac4) 
2.55×1012




(single batch with Linac4) 
1.25×1013 
(2 bunches per ring) 
11.5 (2)  (H) 
4.6 (2) (V) 
ISOLDE beam 
(single batch with Linac4) 
1.6×1013 
(1 bunch per ring) 
12.0 (2)  (H) 
7.0 (2) (V) 
(1) 6 bunches from 3 rings (2 bunches per ring) delivered by the PSB, filling 6 out of 7 PS buckets. 
 (2) Maximum emittances at injection derived from the PS acceptance (AH,V=60/20 µm) to limit the losses at injection to 
less than 1% (assuming Gaussian beams).  
2. PSB longitudinal capture scheme 
In the H- injection process studied hereinafter, simple PSB longitudinal capture of the chopped Linac4 
beam is carried out, the 160 MeV Linac4 delivering a 40 mA beam current after a 62% chopping factor. 
Longitudinal painting with the chopped Linac4 beam in the PSB RF buckets is not explored here. Long 
bunches with low peak current (for better bunching factor) are needed to reduce the direct space-charge tune 
shifts of high-intensity and high-brightness beams. Also, acceleration to higher energies must be done at 
speed to lower the nasty space-charge effects (though the magnetic field time derivative of the PSB cycle is 
kept under 1.5 T/s). A trade-off has to be found between these two conflicting requirements as fast ramps 
imply shorter bunches. A second harmonic cavity is used to flatten the longitudinal beam density and 
enhance the bunching factor. In all the H- injection simulations discussed subsequently, intending mainly to 
study the beam transverse phase space, transported Linac4 beams with a 103.8 deg phase half-width and a 
152.4 keV r.m.s. energy spread at PSB entry (recent figures derived from the Linac4 to PSB transfer line 
study [3]) were injected into small low-voltage buckets. Then, an iso-adiabatic process raising the RF voltage 
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 from 0.6 kV at injection to 8 kV in about 2.4 ms [4] has been considered as a first try to capture the beam. 
Because of the fast bunching, this quasi-adiabatic process entails in-homogeneities in the longitudinal phase 
plane, leading to bunch shape and peak density beating that increase the direct tune shifts and spreads. 
Investigations of longitudinal painting schemes are under study to achieve flat longitudinal profiles that will 
further reduce the direct space-charge tune shifts [5]. 
3. PSB transverse dynamics issue 
Higher beam intensity or beam brightness out of the PSB can only be achieved if the emittance growth 
during the acceleration process remains bounded. For the LHC and the CNGS beams these bounds have been 
defined in terms of normalized r.m.s. emittances at 1.4 GeV injection into the PS (see Table 1.1).  
All the simulations described in this paper have been performed using the Accsim code [6]. Reliable 
simulations in the presence of space-charge forces throughout an entire 0.5 s PSB cycle is out of reach in a 
realistic computing time using existent computer power. Campaign studies of Linac4 injection demonstrated 
that a suitable convergence is attained using about one hundred thousand macro-particles (Accsim is 
presently restricted to 105 macro-particles), with grid spacing of around 1.0 mm (see Figure 3.1). Lower 
macro-particle number would result in increased emittance blow-ups. Moreover, such enormous number of 
tracking turns entails the possibility of round off errors accumulated during the course of the calculations 






































































Figure 3.1: Left: Mean (between horizontal and vertical) normalized r.m.s. emittances [μm] and normalized simulation 
duration after 1000 tracking turns (normalized to the ≈6 h run duration of a reference scenario using 105 macro-particles, 
224 space-charge steps and 1.0 mm grid spacing in the horizontal and vertical directions) versus number of macro-
particles. 
Right: Mean normalized r.m.s. emittances [μm] and normalized simulation duration after 1000 tracking turns 
(normalized to the ≈6 h run duration of the above-mentioned reference scenario) versus spacing of grid points [mm] 
(keywords DXTSC & DYTSC in Accsim, considering equal values of the grid point spacing in horizontal and vertical 
directions) (simulation of the beam for CNGS, including chromatic effects). 
 
For each simulation case undertaken the number of tracking turns has been restricted to 30000 to keep the 
computation time shorter than two weeks (on-line calculations using a dedicated computer, dual-core 
processors 3.4 GHz, 2 GB of RAM). Some experiments have been made to simulate higher number of turns 
but these were either terminated by a computer failure or a code breakdown (without obvious identified 
causes). In particular, for the high intensity CNGS beam study, two Accsim runs have been launched to 
simulate the 160 MeV H- injection and acceleration to about 500 MeV in 250 ms. Both simulations required 
to track the beam over 180000 turns, using 99990 and 13200 macro-particles (corresponding to 1.25×1013 
real particles) for the first and the second cases, respectively. No run time limit was a priori given. The 
maximum number of turns that was successfully simulated before crashing amounted to 39000 for the first 
case (around two weeks of computing time), and 115000 for the second case (around one month of 
computing time). 
 
Additional Accsim features that are used for the space charge tracking routines were carefully examined 
and adequate simulation parameters have been chosen. They are: 
– Tracking with space charge is made using “field-solve/particle-push” integrations (keyword 
TSCFIELD='HFM' in Accsim), the “push” applies angular kicks standing for the force integral over 
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 the integration step, followed by matrix/thin-lens transfer by the step (keyword NTSCSTEP). After 
optimization, 14 space-charge steps per PSB period were selected to best resolve the quadrupole 
spacing in the triplet cell (a 14 cell step subdivision is the lowest number which provides one space-
charge kick on each of the 3 quadrupoles, while keeping the space charge update effective without 
lengthening the simulation time). So, 224=14×16 space-charge steps are set around the circumference 
(NTSCSTEP=224) since the PSB is a triplet lattice with a periodicity of 16 (see Figure 3.2) [7]. 
– All the simulations account for the local longitudinal charge density within the bunch, which enables 
to scale the transverse space charge forces, keyword TSCBUNCH=TRUE, thus yielding a 2½D 
transverse space-charge model coupling the longitudinal motion to the transverse tune space. When 
this keyword is set to false the average charge density in the bunch is used in place of the local charge 
density and the space charge model reduces to a 2D model.   
– In most of the scenarios examined, the simulations were carried out taking into consideration the 
chromatic (linear) tune shifts (keyword CHROM1=TRUE; i.e. the linear chromatic tune shift being 
computer-generated via betatron phase space rotation of the particles by 2π∆QH,V=2πξH,V∆p/p, once or 
more per turn, ξ is the first-order chromaticity and ∆p/p the relative momentum deviation. See also 
Appendix B). 
– Depending on the simulation cases the transverse space charge field was calculated using a 101×101 
grid array with grid point spacing of 0.5 mm (all scenarios for the LHC beams but the LHC beam H- 
injection) or a 151×151 grid array with a 1.0 mm grid point spacing (all scenarios for the CNGS beams 
plus the LHC beam H- injection). With this range of setting and using about 105 macro-particles it 
takes approximately a few days of simulation time (usually 3 to 6 days) for 15000 turns whatever the 
scenario considered, corresponding to about 15 ms at 160 MeV. 
– The adiabatic emittance damping due to acceleration was recently implemented (Accsim test version, 
F. Jones, August 2006). This new feature shrinks the transverse emittance when the momentum rise 
(keyword ADBDAMP=TRUE). This is done implementing a first-order correction at cavities (H. 
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Figure 3.2: Mean of normalized r.m.s. emittances [μm] and normalized simulation duration after 1000 turn tracking 
(normalized to the ≈6 h run duration of the above-mentioned reference scenario) versus number of space charge steps 
(keyword NTSCSTEP) (beam for CNGS, simulations done with chromatic effects). 
4. PSB H- injection and transverse painting schemes 
The charge-exchange injection scheme taken in this study is conceived in [2], based on a scenario already 
sketched in [8]. For each of the four PSB rings, the H- injection takes place in a 2.6 m straight section, to be 
redesigned to house the four new pulsed dipole magnets BS1-BS4, the stripping foil, the dump for un-
stripped and partly stripped H- and some instrumentation. The four BS dipoles will produce a short range 
orbit bump around the stripping foil needed for the injection. The existing set of four KSW “kicker slow” 
produces a programmed long range orbit bump for horizontal phase plane painting. The combination of short 
and long bumps displaces the proton beam orbit outwards to merge with the incoming H- beam. No active 
vertical phase plane painting is analyzed in this scheme.  

















Figure 4.1: Illustration of the PSB injection region, showing injected and circulating (first turn) reference beam 
trajectory along with partly-stripped H0 and un-stripped H-. The two independent orbit bump systems can displace the 
circulating beam local orbit up to around 90 mm during the injection process. The BS1-BS4 short bump accounts for a 
fixed displacement of approximately 60 mm and the programmed long bump KSW for about 30 mm. 
 
In the subsequent tracking simulations the short range closed orbit bump has been set to zero during the 
whole H- injection process to ease the modelling. In fact, it was assumed that no optics distortions will 
happen (but possibly due to edge focusing) so that there will be no additional emittance growth. Actually, the 
BS bump will be switched on for only about 60 to 140 μs, including the ≈40 μs BS magnet fall time. 
Exploratory simulations showed that the emittance blow-up due to multiple scattering on the stripping foil 
during the injection process is negligible. So, the thickness of the foil can be increased in order to increase 
the stripping efficiency. A carbon stripping foil with a thickness of 0.44 μm (100 μg/cm2) is assumed in all 
the investigated charge exchange injection scenarios. Application of this strategy to the simulation of the 
LHC and CNGS beams is developed in more details later. 
5. Simulation scenarios 
Since a detailed simulation of the whole PSB acceleration cycle is excessively time consuming, simpler 
simulation cases have been considered to benchmark the code and to understand the impact of the different 
beam and machine parameters. Investigated scenarios are the following: 
5.1. CNGS-like beam on 50 and 160 MeV energy plateaus: to demonstrate whether raising the energy from 
50 to 160 MeV and doubling the intensity at constant normalized emittance at injection provides the 
same evolution as expected from simple scaling rules for space charge tune spread. 
5.2. LHC nominal beam on intermediate energy plateaus: to examine emittance evolutions of stored beams 
on different energy plateaus to determine what is the minimum energy range that needs to be 
considered in simulations.  
5.3. LHC nominal beam at 160 MeV with different distributions: to examine the effect of transverse and 
longitudinal distributions on the emittance evolution. 
5.4. CNGS-like beam with present 50 MeV multi-turn proton injection: to benchmark the PSB 50 MeV 
multi-turn injection modelling with operational beam performance, especially to compare the losses 
predicted by the model with those actually observed on the machine. 
5.5. PSB actual high-intensity beam on a 160 MeV energy plateau: to benchmark Accsim simulations with 
measurements performed on a stored beam at 160 MeV in the PSB. 
5.6. CNGS beam 160 MeV H- injection and beginning of acceleration: to model the H- injection, 
accumulation and acceleration process into the PSB for the CNGS beam (1.25×1013 particles per ring). 
5.7. LHC nominal beam 160 MeV H- injection and beginning of acceleration: to model the H- injection, 
accumulation and acceleration process into the PSB for the LHC nominal beam (3.25×1012 particles 
per ring). 
5.8. The effects of chromaticity: the above scenarios 5.3 and 5.4 are partly revisited to examine the effect of 
chromaticity on the emittance evolution. For comparison, simulations are carried out with and without 
considering the (linear) chromatic effect. 
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 A. CNGS-like beam with fast acceleration from 160 to 400 MeV: to assess the energy range over which 
emittance blow-up during the PSB acceleration cycle is important. The magnetic field ramp-rate has 
been artificially increased so that the total simulation can be finished after about 20000 turns only. 
After testing different tune settings, the early PSB working point (QH,V=4.28/5.47) was selected for all 
scenarios but for scenarios 5.4 and 5.5. For comparison, the past and the present (QH,V=4.28/4.47, used since 
2004) working points were tested in one simulation case and resulted in similar emittance progressions. For 
the scenario 5.4 studied below the PSB working point QH,V=4.28/5.55 was used, and the two working points 
QH,V=4.21/4.35 and QH,V=4.21/4.45 were considered for the scenario 5.5. Transverse elliptical distributions 
(parabolic profiles) have been used for all the simulation scenarios but for one sub-scenario of 5.3 for which 
Gaussian distributions have been used. Also, longitudinal distributions Gaussian in energy and uniform in 
phase have been assumed for scenarios 5.4, 5.6, 5.7 and A, and elliptical distributions for the remaining 
scenarios. All simulations have been done assuming a perfect machine with no dipolar or higher order errors. 
6. CNGS-like beam on 50 and 160 MeV energy plateaus 
When raising the injection energy of the PSB from 50 to 160 MeV it is expected to accelerate twice as 
much particles within the same transverse emittances (due to the space charge tune shift reduction, 
proportional to 1/βγ2). Simulations have been performed to verify this fundamental statement. A series of 
simulations was launched using single turn injection into the PSB, the beam being then stored along an 
energy plateau. This procedure avoids the difficulty of H- injection and helps to match the beam 
longitudinally at the start of the tracking. The beam longitudinal distribution is chosen such to match the h=1 
bucket for a RF voltage of 8 kV. No second harmonic RF cavity is used. The proton beam is supposed to be 
injected in the middle of a PSB straight-section where the betatron function derivatives are zero (assuming 
injected beam phase ellipses upright oriented) to avoid transverse mismatch and emittance blow-up. The 
short range orbit bump (BS1-BS4) is turned off. The performance of proton injection at 160 MeV with 
1.25×1013 particles (CNGS beam, single batch) and at 50 MeV with 0.625×1013 particles (same beam with 
half the intensity) are examined (considering 99999 macro-particles for the simulations). Initial longitudinal 
emittance of 0.15 eV.s and normalized horizontal and vertical r.m.s. emittances of 11.0 and 3.7 μm 
respectively, are chosen identical at 50 and 160 MeV for beam emittance comparison along the energy 
plateaus. Figure 6.1 displays the phase-space plots at proton injection and at turn 15000 (25 ms at 50 MeV 
and 15.1 ms at 160 MeV). A 6th order resonance island structure in the vertical plane (QV=4.47), probably 
driven by the space charge forces, is visible on Figure 6.1 (right-part).  
   
    
Figure 6.1: Horizontal (left) and vertical (right) phase-space scatter-plots u-u’ [mm-mrad] at injection (50 & 160 MeV) 
and at the 15000th machine turn (25 ms at 50 MeV & 15.1 ms at 160 MeV) (simulations with chromatic effect).  
 
Figure 6.2 shows the physical emittance εpH,V scatter-plot (i.e. vertical versus horizontal emittances [μm] 
of all individual particles), the emittances being defined as the Courant-Snyder invariant values for all the 
particles. The 100% physical beam emittance is defined as the maximum Courant-Snyder invariant value 
among all individual particles. The physical r.m.s. emittance (used in subsequent plots) is defined as the 
square root of the beam “sigma” matrix determinant as shown in the next formulae, where u stands for the 
usual horizontal (H) or vertical (V) particle betatron coordinate:  
 
222p
u uuuu iiii)rms( ′−′=ε   V,H)(max(max) iuiiuiui =′+′+= uuuu2u 22pu βαγε
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Figure 6.2: Physical emittance scatter-plot εpH-εpV [μm-μm] at injection (50 & 160 MeV) and at turn 15000 (50 MeV & 
160 MeV), derived from Courant-Snyder invariant for individual particles, with εpH,V (100%)=628/2737 μm at 50 MeV 
and εpH,V (100%)=322/656 μm at 160 MeV on turn 15000 (simulations done with chromatic effect). 
 
Figures 6.3-6.4 show the evolution of the transverse and longitudinal emittances and space charge tune 
shifts over 15 ms. To compare the performance of the 50 and 160 MeV beam emittances and tune shift 
progression, the time-evolution has been preferred instead of the turn-number (even if pessimistic because 
particles make more PSB revolutions at 160 MeV than at 50 MeV during the same time). This choice follows 
from accelerator operating conditions (e.g. magnetic field ramping, RF frequency and voltage, etc.) which are 


































Figure 6.3: Left: Evolution of horizontal/vertical normalized r.m.s. emittances at 160 MeV and horizontal/vertical 
normalized r.m.s. emittances at 50 MeV [μm] versus time [ms] on constant energy plateaus, where 15 ms equal 8992 
turns at 50 MeV and 14880 turns at 160 MeV. Right: Evolution of horizontal/vertical normalized 100% emittances at 
160 MeV and horizontal/vertical normalized 100% emittances at 50 MeV [μm] versus time [ms] on constant energy 




































Figure 6.4: Left: Evolution of longitudinal r.m.s. emittance at 160 MeV and at 50 MeV [eVs] versus time [ms] on 
constant energy plateaus. Right: Evolution of space charge tune shifts at 160 MeV (horizontal, vertical) and at 50 MeV 
(horizontal, vertical) versus time [ms] on constant energy plateaus (simulations done with chromatic effect). 
Observations 
Examination of the transverse r.m.s. emittance and tune shift evolutions for the 50 and 160 MeV 
simulations show that they are reasonably similar as expected from simple scaling rules whereas the vertical 
100% emittances differ severely because of halo development in particular for the 50 MeV case (see the 
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 strong vertical halo expansion in the right-part of Figure 6.1 and the evolution of the 100% vertical emittance 
in the right-part of Figure 6.3). More analysis is needed to appreciate if the vertical beam halo is generated by 
the 6th order resonance driven by the non-linear space charge fields.  
7.  LHC nominal beam on intermediate energy plateaus 
The emittance evolution of the LHC beam at different energies has been studied assuming the same initial 
longitudinal emittance of about 0.18 eVs and normalized transverse r.m.s. emittances of 2.4 μm in order to 
determine the minimum energy range over which space charge effects are relevant and to compare the 
behaviour of the beam at different energies and constant space charge tune spread. 
Likewise the previous scenario (CNGS-like beam) a set of simulations was initiated, in which the full 
proton beam is injected on a single turn and stored on the energy plateau. The RF capture of the beam is done 
at the present highest voltage of 8 kV, without using second harmonic cavities. Again, the proton beam is 
injected at a place where the betatron function derivatives are zero with the short range orbit bump disable. 
The initial longitudinal and transverse distributions are assumed to be elliptical (parabolic profiles). It is 
assumed that no correlation exists between the horizontal and vertical planes. For each energy plateau the 
injected phase and energy spreads were optimized to properly match the beam longitudinally. The simulation 
cases have been prearranged in two sets: (i) simulations along 160, 400 and 600 MeV energy plateaus, (ii) 
simulations along 50 and 160 MeV energy plateaus for straight comparison with the CNGS-like beam. The 
effects of the chromatic tune shifts are included in every simulation. 
7.1. LHC beam on 160, 400 and 600 MeV energy plateaus 
The behaviour of proton injection and storage at 160, 400 and 600 MeV with 3.25×1012 particles (LHC 
nominal beam, single batch) is explored (considering 99999 macro-particles for each simulation).  
Figures 7.1.1-7.1.2 show the evolution of the transverse emittances, longitudinal emittances and space 




































Figure 7.1.1: Evolution of transverse normalized r.m.s. emittances [μm] (left) and normalized 100% emittances [μm] 
(right) at 160 MeV (horizontal/vertical), 400 MeV (horizontal/vertical) and at 600 MeV (horizontal/vertical) versus time 
[ms] on constant energy plateaus, where 10 ms amount to 9920 machine turns at 160 MeV, 13607 turns at 400 MeV and 










































Figure 7.1.2: Left: Evolution of longitudinal r.m.s. emittances [eVs] at 160 MeV, 400 MeV and 600 MeV versus time 
[ms] on constant energy plateaus. Right: Evolution of space charge tune shifts at 160 MeV (horizontal, vertical), at 400 
MeV (horizontal, vertical) and at 600 MeV (horizontal, vertical) versus time [ms] (simulations with chromatic effect).  
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 As already argued for the CNGS-like beam scenario at 50 and 160 MeV, comparison of the performance is 
made for the same interval of time and not for the same number of turns. Obviously, the rate of the transverse 
emittance growth over the tracking time decreases radically at higher energy, together with the (absolute 
value) space charge tune shift. From Figure 7.1.2 (right-part) it can be inferred that the space-charge tune 
shift scale roughly as (∆QH,V)160MeV/(∆QH,V)400MeV≈1.6 and (∆QH,V)400MeV/(∆QH,V)600MeV≈1.3. Moreover, the 
direct space-charge tune shift is expected to reduce by factors 2 and 1.5 when the PSB energy plateaus are 
raised from 160 to 400 MeV and from 400 to 600 MeV (because (βγ2)400MeV/(βγ2)160MeV=2.04 and 
(βγ2)600MeV/(βγ2)400MeV=1.47). These results show that the space charge tune shift scales on average 
approximately as anticipated (i.e. it is inversely proportional to the factor βγ2). 
7.2. LHC beam on 50 and 160 MeV energy plateaus 
The scenario examined now is related to that discussed beforehand for the CNGS-like beam at 50 and 160 
MeV. Proton beams are injected at 160 MeV (LHC nominal beam, single batch, 3.25×1012 particles) and at 
50 MeV (same beam with half the intensity, 1.625×1012 particles). Each simulation uses 99999 macro-
particles. The transverse phase-space scatter-plots and the evolution of the transverse and longitudinal 
emittances and space charge tune shifts over 25 ms are shown in Figures 7.2.1-7.2.3 (notice the big vertical 
halo development at 50 MeV in the right part of Figure 7.2.1). 
 
    
Figure 7.2.1: Horizontal (left) and vertical (right) phase-space scatter-plots u-u’ [mm-mrad] at injection (50 MeV & 160 
MeV) and at the 15000th turn (25 ms at 50 MeV & 15.1 ms at 160 MeV) (simulations done with chromatic effect). 
 
The transverse r.m.s. emittances for both simulations are truly comparable when including the chromatic 
effect whilst the vertical 100% emittances diverge hugely showing a strong tail development at 50 MeV. This 
may be attributable to the fact that, the longitudinal emittances being almost equal at 50 and 160 MeV (and 
the energy spreads too), the relative momentum spread is thus larger at 50 than at 160 MeV and similarly for 
the chromatic tune spread. Even so, the scaling rule stating that higher injection energy permits to accumulate 
a bigger number of particles remains rather credible in this case.  
 




































Figure 7.2.2: Left: Evolution of normalized r.m.s. emittances [μm] at 160 MeV (horizontal/vertical) and at 50 MeV 
(horizontal/vertical) versus time [ms] on constant energy plateaus. Right: Evolution of horizontal/vertical normalized 
100% emittances at 160 MeV and horizontal/vertical normalized 100% emittances at 50 MeV [μm] versus time [ms] on 
constant energy plateaus (simulations done with chromatic effect). 




































Figure 7.2.3: Left: Evolution of longitudinal r.m.s. emittance at 160 MeV and at 50 MeV [eVs] versus time [ms] on 
constant energy plateaus. Right: Evolution of space charge tune-shifts at 160 MeV (horizontal/vertical) and at 50 MeV 
(horizontal/vertical) versus time [ms] on constant energy plateaus (simulations done with chromatic effect). 
Observations  
The first set of simulations performed at 160, 400 and 600 MeV confirm that the higher the energy plateau 
the lower the space charge emittance growth, as anticipated and in particular they indicate that very likely 
halo generation strongly reduces above 400 MeV. So simulations should be done to at least 400 MeV. 
Likewise, the second series of simulations done at 50 and 160 MeV (with twice the intensity) show that the 
r.m.s. emittance evolutions are sensibly comparable whilst the vertical 100% emittance progressions are 
different (see the right-part of Figure 7.2.2) which indicates a large halo formation at 50 MeV.  
8. LHC nominal beam at 160 MeV with different distributions 
8.1. LHC beam with Gaussian and elliptic distributions at 160 MeV  
The intent is to observe the effect of changing the beam phase-space distribution type of the LHC nominal 
beam from parabolic to Gaussian. The injected transverse distributions are Gaussian, with normalized r.m.s. 
emittances of 2.4 μm, similar to those of the elliptic distributions. The longitudinal distribution is kept 
elliptical, with initial longitudinal emittance of 0.18 eVs for both the Gaussian and the elliptic beams. Figure 
8.1.1 displays the transverse phase-space scatter-plots (observe the Gaussian beam halo expansion). 
  
      
Figure 8.1.1: Horizontal (left) and vertical (right) phase-space scatter-plots u-u’ [mm-mrad] at injection (Gaussian & 

































Figure 8.1.2: Evolution of horizontal (Gaussian/elliptic distributions) and vertical (Gaussian/elliptic distributions) 
normalized r.m.s. emittances (left) and normalized 100% emittances (right) [μm] versus number of machine turns on a 
constant 160 MeV energy plateau (simulations done with chromatic effect). 
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 The evolution of the transverse and longitudinal emittances and space charge tune shifts are shown in 
Figures 8.1.2-8.1.3. As expected, the transverse emittance blow-up experienced by the Gaussian beam is 




































Figure 8.1.3: Left: Evolution of longitudinal r.m.s. emittances [eVs] for Gaussian/elliptic distributions versus number of 
machine turns on a constant 160 MeV energy plateau. 
Right: Evolution of horizontal (Gaussian/elliptic distributions) and vertical (Gaussian & elliptic distributions) space 
charge tune shifts versus number of machine turns on a constant 160 MeV energy plateau (simulations done with 
chromatic effect). 
8.2. LHC beam with first and second harmonics RF cavities at 160 MeV 
The addition of a second harmonic RF system in anti-phase with the main RF system can be used to 
reduce the peak charge density and to lessen space charge forces. Simulations have been performed with a 
single harmonic RF system (h=1) and with a double harmonic RF system (h=1, h=2) to test the predictions of 
Accsim with both configurations. The longitudinal beam capture is made at the maximum 8 kV RF voltage, 
with the same voltage for the first and second harmonic cavities. For longitudinal matching the phase and 
energy spreads at injection were optimized to restrain the beam motion in the bucket during the first 
milliseconds following the injection. So, the injected longitudinal distributions are chosen elliptical with 
longitudinal emittances of 0.22 and 0.18 eVs for the double and for the single harmonic RF systems, 
respectively. Same initial normalized transverse r.m.s. emittances of 2.4 μm are selected. 99999 macro-
particles are used for the simulation, standing for the 3.25×1012 (real) particles of the LHC nominal beam. 
Figures 8.2.1 shows the longitudinal phase-space and emittance scatter-plots at injection and at turn 
15000. Figures 8.2.2-8.2.3 show the evolution of the transverse and longitudinal emittances and space charge 
tune shifts over 15000 turns. The reduction of the space-charge induced tune shifts and the emittance blow-
up by adding up an h=2 component is observable in Figure 8.2.2.  
 
     
Figure 8.2.1: Left: Longitudinal phase-space scatter-plot φ-ΔE [deg-MeV] at injection (double h=1, h=2 & single h=1 
harmonic RF systems) and at the 15000th machine turn (double h=1, h=2 & single h=1 harmonic RF systems). 
Right: Physical emittance scatter-plot εpH-εpV [μm-μm] at injection (double h=1, h=2 & single h=1 harmonic RF 
systems) and at the 15000th machine turn (double h=1, h=2 & single h=1 harmonic RF systems) (calculated Courant-
Snyder invariants for individual particles) (simulations done with chromatic effect).   
 





































Figure 8.2.2: Evolution of horizontal (double h=1, h=2 & single h=1 harmonic RF systems) and vertical (double h=1, 
h=2 & single h=1 harmonic RF systems) normalized r.m.s. (left) and normalized 100% (right) emittances [μm] versus 









































Figure 8.2.3: Left: Evolution of longitudinal r.m.s. emittances [eVs] for double h=1, h=2 and single h=1 harmonic RF 
systems versus number of turns on a constant 160 MeV energy plateau.  
Right: Evolution of horizontal (double h=1, h=2 & single h=1 harmonic RF systems) and vertical (double h=1, h=2 & 
single h=1 harmonic RF systems) space charge tune shifts number of turns on a constant 160 MeV energy plateau 
(simulations done with chromatic effect).  
Observations 
The first series of simulations involving Gaussian and parabolic distributions reveal that Gaussian 
distributions provide a more pessimistic estimation of the emittance increase as elliptic distributions. For 
Gaussian distributions tails develop on both planes as can be seen from the scatter phase space plots and from 
the comparison of the 100% and r.m.s. emittance evolutions. This shows the importance of using realistic 
beam distributions directly from injection.  
The second series of simulations with either single harmonic cavity or first and second harmonic cavities 
prove the effectiveness of the double harmonic RF system in reducing the space charge effects and 
qualitatively confirm the correct treatment of this case in Accsim. 
9. CNGS-like beam with present 50 MeV multi-turn proton injection 
At present Linac2 injects into the PSB a 50 MeV coasting proton beam during a few turns. Four KSW 
“kicker slow” create a 36 mm horizontal orbit bump at the first injected turn to approach the septum at 45 
mm from the PSB reference orbit. The bump amplitude is then decreased to fill-in the required horizontal 
emittance of the stored beam in 13 turns as illustrated in Figure 9.1 (space-charge effects are ignored). The 
Linac2 beam is injected at 53 mm from the reference orbit. The actual Linac2 current is around 160 mA or 
1.7×1012 protons per turn, yielding a total ring intensity of 2.2×1013 protons on the 13th injected turn (when 
losses are neglected). The beam is then adiabatically captured with an h=1 RF system. The cavity voltage 
increases exponentially from 0.3 to 4 kV in 1 ms and then to 8 kV in 7 ms. A second harmonic RF system, in 
anti-phase, is used to flatten the bunch with the same voltage of 8 kV. The injected longitudinal distribution 
is assumed to be uniform in phase, with phase half-width of 180 deg, and Gaussian in energy, with r.m.s. 
value of 97.5 keV. The injected transverse distributions are assumed to be elliptical (parabolic profiles), with 
transverse physical 100% emittances of 20 μm (normalized r.m.s. emittances of 1.3 μm). 99996 macro-
particles (i.e. 13 turns×7692 macro-particles per turn) are used for the simulation, representing the 2.2×1013 
- 12 - 
 (real) protons of the CNGS-like beam. As said above, the simulation was carried out with a PSB working 
point of QH,V=4.28/5.55. The aperture of the machine has been taken into account to determine the losses 











Figure 9.1: CNGS-like, horizontal normalized phase-space (no space charge): The circles show the design stored beam 
ellipse contours (corresponding to εpH,V(100%)≈300/60 μm or εnH,V(rms)≈22/4 μm) on 1st injected turn (maximum 
injection bump amplitude) and on the 13th (last) turn corresponding in that case to the zero bump amplitude (reference 
orbit). The thin rectangle outlines the magnetic septum. Ellipses sketch the beam over a few turns. The Linac2 beam is 
injected at the right of the septum blade. The horizontal x-x’ phase plane is normalized to xn=x [mm] and x’n=βxx’ [mm], 
where x stands for H. 
 
The phase-space scatter-plots shown in Figures 9.2-9.3 stand for the particle distribution at the end of the 
multi-turn injection (13 turns) and at turn 15000 (24.5 ms after injection, 57 MeV). The particle density sharp 
cut-off produced by beam loss on the injection septum is noticeable on the X-X,’ X-Y scatter-plots. Figure 
9.4 displays the physical emittance scatter-plot and Figures 9.5-9.6 show the evolution of the normalized 
transverse and longitudinal emittances..  
 
        
Figure 9.2: Horizontal (left) and vertical (right) phase-space scatter-plots u-u’ [mm-mrad] after 13-turn injection and at 
the 15000th machine turn (simulations done with chromatic effect).   
 
   
Figure 9.3: Transverse coordinate H-V [mm-mm] (left) and longitudinal phase-space φ-ΔE [deg-MeV] (right) scatter-
plots after 13-turn injection and at the 15000th machine turn (simulations done with chromatic effect). 
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Figure 9.4: Physical emittance scatter-plot εpH-εpV [μm-μm] scatter-plot after 13-turn injection and at turn 15000, 
derived from Courant-Snyder invariant for individual particles, with εH,Vp(100%)=445/170 μm on the 13th turn and 








































Figure 9.5: Evolution of horizontal and vertical normalized r.m.s. emittances [μm] (left) and longitudinal r.m.s. 







































Figure 9.6: Evolution of horizontal/vertical normalized 100% and horizontal/vertical normalized 99% emittances [μm] 
versus number of machine turns (left) zoom over the first 100 turns (right) (simulations done with chromatic). The 
100% emittance is defined as the maximum Courant-Snyder invariant value for individual particles (EMFRAC=1 in 
Accsim); the 99% emittance being the maximum Courant-Snyder invariant value for individual particles, cutting out the 



































































Figure 9.7: Evolution of horizontal and vertical r.m.s. emittance blow-ups and percentage of particle lost (left) and zoom 
over the first 100 turns (right) versus number of machine turns (simulations done with chromatic effect). 
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 Figure 9.7 displays the transverse emittance growth (or shrinkage) along with the particle losses. Unlike 
the losses actually observed on the machine, which amounts to about 50%, the losses predicted by Accsim 
are 90% after 25 ms (turn 15000) though they are equal to 22% at the end of the multi-turn injection (turn 
13). Losses are mainly concentrated at the septum (i.e. 21% at turn 13, 51% at turn 15000) the remaining 
losses extend evenly around the machine circumference. 
Figure 9.8 shows the evolution of the direct RF voltage, beam energy and falling orbit bump amplitude, 
and Figure 9.9 displays the development of the direct space charge tune shifts. Note the large (negative) 
vertical space charge tune shift plotted. However, the direct space charge tune shift quoted in Accsim is the 



































































Figure 9.8: Evolution of RF voltage [kV] and beam kinetic energy [MeV] (left) and zoom of the evolution of RF voltage 
















Figure 9.9: Evolution of horizontal and vertical space charge tune shifts versus number of machine turns (simulations 
done with chromatic effect).  
Observations 
The simulations provide a pessimistic estimate of the losses measured routinely in the PS Booster during high 
intensity operation. 
10. PSB actual high-intensity beam on a 160 MeV energy plateau 
Experiments [9] were recently devised and completed in the PSB to measure the transverse emittances of 
the existent high-intensity beam along an energy plateau at 160 MeV. Beam intensities and emittances were 
measured at the beginning of the 160 MeV plateau and after 200 ms. Two cases were investigated with 
different conditions: 
1. Case 1: PSB working point QH,V=4.21/4.35, first and second harmonic cavity RF voltages at 8 kV and 
in anti-phase: 
- At t=0 ms: 1.05×1013 protons, transverse physical emittances εpH,V(2σ)=90/45 μm (normalized 
r.m.s. emittances εnH,V(1σ)=13.7/6.8 μm), longitudinal emittance ≈0.8 eVs at 90% of particles 
(about 1.0 eVs at 2σ), 
- At t=200 ms: 1.03×1013 protons, transverse physical emittances εpH,V(2σ)=86/49 μm (normalized 
r.m.s. emittances εnH,V(1σ)=13.1/7.5 μm), same longitudinal emittance. 
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 2. Case 2: PSB working point QH,V=4.21/4.45, first and second harmonic cavity RF voltages at 8 kV and 
in phase: 
- At t=0 ms: 1.03×1013 protons, transverse physical emittances εpH,V(2σ)=126/47 μm (normalized 
r.m.s. emittances εnH,V(1σ)=19.2/7.1 μm), longitudinal emittance ≈0.6 eVs at 90% of particles 
(about 0.8 eVs at 2σ), 
- At t=200 ms: 0.96×1013 protons, transverse physical emittances εpH,V(2σ)=134/48 μm (normalized 
r.m.s. emittances εnH,V(1σ)=20.4/7.3 μm), longitudinal emittance unchanged. 
 
The results of these experiments were then compared with those of Accsim simulations performed over 
25000 turns (≈25 ms) for Case 1 and 22000 turns (≈22 ms) for Case 2. Figure 10.1 shows the phase-energy 
scatter plots for the two simulation cases. Figures 10.2-10.3 display the evolution of the simulated transverse 
and longitudinal emittances and space charge tune shifts. Figure 10.2 (left part) shows the evolution of the 
simulated and measured emittances. No particle loss was observed in the simulations although some particles 
escape the bucket (Case 2).  
   
   
Figure 10.1: Longitudinal phase-space scatter-plots φ-ΔE [deg-MeV] at injection and at turn 25000 for Case 1 (left) and 
20000 for Case 2 (right) (chromatic effect considered). Initial distributions are not matched as predefined elliptical 





































Figure 10.2: Evolution of horizontal/vertical (Case 1) and horizontal/vertical (Case 2) normalized r.m.s. emittances (left) 

































Figure 10.3: Left: Evolution of longitudinal (Case 1) and longitudinal (Case 2) normalized r.m.s. emittance [eVs]. Right: 
Evolution of horizontal/vertical (Case 1) and horizontal/vertical (Case 2) space-charge tune shifts versus number of 
turns (chromatic effect considered). 



















Figure 10.4: Evolution of measured and simulated horizontal/vertical (Case 1) and horizontal/vertical (Case 2) 
normalized r.m.s. emittances [μm] versus time [ms] (the continuous lines refer to simulated emittances, the small circles 
to measured emittances and the dashed lines to linear fits of the measured emittances between the beginning of the 
plateau and after 200 ms, i.e. ≈2×105 machine turns (chromatic effect considered).  
Observations 
The simulated vertical emittance blow-up is clearly overestimated as compared to the measurements. In 
the horizontal plane the trend resulting from simulations is compatible with the measured evolution for Case 
1, while for Case 2 a simulation over a longer number of turns would be required in order to asses whether 
the asymptotic behaviour of the emittance progression is compatible with the measured one. From the above 
benchmarking it can be therefore concluded that the simulations provide a pessimistic estimate of the 
transverse emittance evolution. 
11. CNGS beam 160 MeV H- injection and beginning of acceleration 
The following simulations are made for the CNGS scenario (see Table 1.1). This is the case where the 
beam is subject to the highest space-charge forces (roughly 30% higher than for the LHC case, and 
approximately at the same level with that of the ISOLDE beam). For this simulation case a carbon stripping 
foil with a thickness of 0.44 μm (100 μg/cm2) is anew assumed. The above-mentioned iso-adiabatic scheme 
[4] is used for the longitudinal capture, raising the voltage from 0.6 kV to 8 kV within 2.4 ms. A second 
harmonic RF system is added with ratio of 2nd to 1st harmonic voltage of 0.6 (and in anti-phase). The injected 
longitudinal distribution is supposed to be uniform in phase and Gaussian in energy with 103.8 deg phase 
half-width and 152.4 keV r.m.s. energy. The transverse distributions are elliptical with transverse physical 
100% emittances of 3.45 μm (0.42 μm normalized r.m.s. emittances) [1, 2]. 99950 macro-particles (i.e. 50 
turns×1999 macro-particles per injected turn) are used for the simulation, representing the 1.25×1013 (real) 
particles of the CNGS beam. Figure 11.1 sketches the Linac4 injection layout using the controlled (long 
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Figure 11.1: Left: CNGS, horizontal normalized phase-space (no space charge). The circles show the design stored 
beam ellipse contours (equivalent to εpH,V(100%)≈95/38 μm or εnH,V(rms)=11.5/4.6 μm) on 1st injected turn (maximum 
long-bump amplitude), 50th (last) turn and at zero long-bump amplitude. Ellipses sketch the painting over a few turns. 
The rectangle depicts the foil (carbon 100 μg/cm2). Right: Vertical normalized phase-space. The circle shows the stored 
beam ellipse contour. Ellipses sketch the Linac4 injected beams over some turns (no vertical painting). The transverse u-
u’ phase plane is normalized to un=u [mm] and u’n=βuu’ [mm] where u stands for H or V (with αx,y=0 at injection).  
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 The extent of the bump amplitude variation is 17 mm in between the first and last (50th) injected turns. 
This allows the accumulated beam to be contained into the phase-space area of the stored beam (11.5 μm 
normalized r.m.s. emittance). In the vertical phase plane, the injected beam fills a ring as no vertical painting 
is done and as the beam is injected with an offset (see Figure 11.1 right-part). The position of the injected 
bunch centroid within the phase-space area of the stored beam (4.6 μm) has been adjusted to 5.5 mm after 
successive trials to prevent excessive vertical emittance growth over subsequent machine turns. Figure 11.2 
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Figure 11.2: Left: Evolution of horizontal and vertical normalized r.m.s. emittances [μm] versus number of turns 
(parameterized with the vertical position of the injected bunch: 6.0 mm, 5.5 mm, 4.5 mm, 2.5 mm, continuous/dashed 
lines for the vertical/horizontal emittances). Right: Horizontal, vertical and mean between horizontal and vertical 
normalized r.m.s. emittances [μm] at turn number 15000 versus the injected bunch vertical position (chromatic effect 
taken into account). 
 
Figures 11.3-11.5 show the various phase-space and emittance scatter-plots at the end of the H- injection 
(50 turns using the new Linac4 parameters [1]) and at the turns 1150, 2500 and 15000. 
 
       
Figure 11.3: Horizontal (left) and vertical (right) phase-space scatter-plots u-u’ [mm-mrad] after 160 MeV 50-turn H- 
injection and at the 1150th, 2500th and 15000th machine turns (simulations done with chromatic effect). 
 
   
Figure 11.4: Transverse coordinate scatter-plot H-V [mm-mm] after 160 MeV 50-turn H- injection and at the 1150th, 
2500th and 15000th machine turns (simulations done with chromatic effect). 
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 Right-part of Figure 11.5 shows the particle loss through the edge of the RF bucket. This noticeable 
particle loss escaping the bucket (i.e. ≈33% of the beam) is attributable to the relatively low RF voltage value 
during the iso-adiabatic capture (e.g. 1.3 kV at the 1150th turn or ≈1.2 ms after injection). 
 
   
Figure 11.5: Left: Longitudinal phase-space scatter-plot φ-ΔE [deg-MeV] after 160 MeV 50-turn H- injection and at the 
1150th, 2500th and 15000th machine turns (simulations done with chromatic effect). Right: extended view showing the 
particles escaping out of the RF bucket. 33% of the beam is outside the bucket boundary (-120°≤φ≤170°,-1.2≤ΔE≤1.2 
MeV) at turn 15000, among which 40% with φ<-120° and 60% with φ>170°.  
 
Figures 11.6-11.8 display the evolution of the transverse and longitudinal emittances, with the RF voltage, 
beam energy, synchronous phase and direct space charge tune shifts. The estimated normalized r.m.s. 
emittance after 15000 PSB revolutions (εnH,V(1σ)=13.5/8.7 μm, see left part of Figure 11.6) are larger than 
the values required at 1.4 GeV PS injection (εnH,V(1σ)=11.5/4.6 μm) to keep injection losses to acceptable 
values in the PS. Figure 11.9 shows the emittance scatter-plot for a subset of 50000 macro-particles pulled 


































Figure 11.6: Evolution of horizontal and vertical normalized r.m.s. (left) and normalized 100% (right) emittances [μm] 
































































Figure 11.7: Evolution of longitudinal r.m.s. emittances [eVs] (left) and RF voltage [kV] (iso-adiabatic capture), beam 
energy [MeV] and synchronous phase [deg] versus number of turns (the second harmonic cavity is already turned on at 
particle injection) (simulations done with chromatic effect).  















Figure 11.8: Horizontal/vertical space charge tune shifts progress versus number of turns (chromatic effect considered). 
 
Figure 11.9: Physical emittance scatter-plot εpH-εpV [μm-μm] at turn 15000 using 99950 macro-particles from which 
50000 are taken out to ease the subsequent calculations. The emittances are derived from Courant-Snyder invariant for 
individual particles, with εpH,V (100%)=643/1629 μm on turn 15000 (only a few particles with the greatest emittances 
are not in the 50000 macro-particle plot) (simulations done with chromatic effect). 
 























































Figure 11.10: Left: Semi-log u.t.a plot [%] (u.t.a. means ”upper tail area”, defined as Prob{Ε>εnu}=1-F(εnu)) at turn 
15000 of the horizontal/vertical normalized single particle emittance distributions (restrained to 50000 macro-particles), 
calculated from Courant-Snyder invariant for individual particles. 
Right: Fraction of the beam that includes the individual particles with horizontal/vertical emittances [μm] (Courant-
Snyder definition) not exceeding a definite value (specifically the c.d.f. i.e. F(εnu)=Prob{Ε≤εnu}). The two small circles 
show the percentage of the beam standing within the PS normalized acceptance (AnH,V=137/45.7 μm normalized at 171 
MeV, vertical dotted line). The lowest value among these two beam fractions determines the surviving part of the beam. 
 
Left part of Figure 11.10 shows the semi-logarithmic graph of the ”upper tail area” (u.t.a.), that is 
Prob{Ε>εnu}=1-Prob{Ε≤εnu}=1-F(εnu) where F(εnu) is the cumulative density function (c.d.f.), of the 
horizontal and vertical normalized single particle emitances, derived from the individual particle emittance 
scatter-plot (Figure 11.9). The horizontal probability distribution falls rapidly to tiny values whereas the 
vertical probability distribution shows a heavy tail due to the vertical beam halo (see Figure 11.3). Right-part 
of Figure 11.10 displays the percentage of the full beam containing the individual particles with transverse 
physical emittances (i.e. Courant-Snyder invariant) not beyond a definite value (or equivalently the c.d.f., i.e. 
Prob{Ε≤εnu}) (in the range 25 to 150 μm, normalized to 171 MeV). From this graph, it can be inferred that 
92% of the beam will remain within the acceptance of the PS at injection (which is equal to 
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 AH,V(1.4GeV)=60/20 μm or AnH,V(171MeV)=137/45.7 μm normalized acceptances at 171 MeV). This means 
that, assuming no additional blow-up or tail development in the acceleration to 1.4 GeV, 8% of the beam will 
be lost at PS injection due to the restricted vertical acceptance. 
Observations 
From the above results (very likely pessimistic) about 10% of the beam (halo part) should be scraped in the 
PSB at low energy in order to avoid losses at injection in the PS. This would imply the design of an 
appropriate scraping and collimation system in the PSB. 
12. LHC nominal beam 160 MeV H- injection and beginning of acceleration 
The LHC nominal beam (see Table 1.1) simulations are now presented. The H- injection scheme is similar 
to that of the previous CNGS case. In particular it also incorporates a second harmonic RF system to flatten 
the bunch longitudinal profile. Likewise, a carbon stripping foil with a density of 100 μg/cm2 is assumed. For 
this case 99996 macro-particles (i.e. 13 turns×7692 macro-particles per injected turn) are used for the 
simulation, standing for the 3.25×1012 (real) particles of the LHC nominal beam. Figure 12.1 illustrates the 
bunch injection scenario using the new Linac4 parameters [1]. With this painting scheme each particle 
crosses the foil roughly 4 times. For the LHC case, the injection bump amplitude range is only 3.5 mm in 
between the first and last (13th) injected bunch to fit into the phase-space area of the stored beam (2.5 μm). In 
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Figure 12.1: Left: LHC nominal beam (single batch mode), horizontal normalized phase-space (no space charge). The 
circles show the design stored beam ellipse contours (equivalent to εpH,V(100%)=20.5 μm, or εnH,V(rms)=2.5 μm) on 1st 
injected turn (maximum long-bump amplitude) and on the 13th (last) turn. Ellipses outline the painting over a few turns. 
Right: Vertical normalized phase-space; the circle shows the stored beam ellipse contour (no vertical painting). The 
transverse u-u’ phase plane is normalized to un=u [mm] and u’n=βuu’ [mm], u stands for H or V (αx,y=0 at injection). 
 
The position of the centroid of the injected turns inside the stored beam phase-space area (2.5 μm) was 
fixed to 3.6 mm. It must be noted that more optimisation studies have shown that a 3 mm offset gives an even 
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Figure 12.2: Left: Evolution of horizontal and vertical normalized r.m.s. emittances [μm] versus number of turns 
(parameterized with the vertical position of the injected bunch: 0.0, 2.0, 3.0, 3.6, 3.8, 4.0, 4.5 mm, continuous/dotted 
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 lines for the vertical/horizontal emittances). Right: Horizontal, vertical and mean normalized r.m.s. emittances [μm] at 
turn number 11500 versus the injected bunch vertical position (chromatic effect taken into account).  
Figures 12.3-12.5 show diverse scatter-plots after the completion of the H- injection (13 turns using the 
Linac4 parameters [1]) and at turns 1150, 2500 and 15000.  
   
   
Figure 12.3: Horizontal (left) and vertical (right) phase-space scatter-plots u-u’ [mm-mrad] after 160 MeV 13-turn H- 
injection and at the 1150th, 2500th and 15000th machine turns (simulations done with chromatic effect).   
 
On the right-part of Figure 12.3, the effect of a 6th order resonance crossing in the vertical plane can be 
distinguished. Unlike the previous CNGS charge exchange injection case, right-part of Figure 12.5 shows 
small particle loss escaping the edge of the RF bucket (≈4% of the beam). 
 
   
Figure 12.4: Transverse coordinate scatter-plot H-V [mm-mm] after LHC 160 MeV 13-turn H- injection and at the 
1150th, 2500th and 15000th machine turns (simulations done with chromatic effect). 
 
   
Figure 12.5: Left: Longitudinal phase-space scatter-plot φ-ΔE [deg-MeV] after LHC 160 MeV 13-turn H- injection and 
at the 1150th, 2500th and 15000th machine turns (simulations done with chromatic effect).  
Right: large-scale view along the phase axis showing the particles slipping away from the RF bucket due to the rather 
low RF voltage during beam capture (though remaining within the PSB aperture for the duration of the simulation). 
About 4% of the beam is outside the bucket boundary (-120°≤φ≤170°,-1.2≤ΔE≤1.2 MeV) at turn 15000, among which 
38% with phase φ<-120° and 62% with phase φ>170°. 
 
Figures 12.6-12.8 display the evolution of the transverse and longitudinal emittances, with the RF voltage, 
beam energy, synchronous phase and direct space charge tune shifts. Left part of Figure 12.6 reveals that the 
rate of the horizontal and vertical normalized r.m.s. emittance blow-ups during the tracking is somewhat too 
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 elevated (3.9 μm and 3.6 μm after 15 ms) to be in the normalized emittance budget of 2.5 μm in both planes 































Figure 12.6: Evolution of horizontal and vertical normalized r.m.s. (left) and normalized 100% (right) emittances [μm] 


































































Figure 12.7: Evolution of longitudinal r.m.s. emittances [eVs] (left) and RF voltage [kV] (iso-adiabatic capture), beam 
















Figure 12.8: Evolution of horizontal and vertical space charge tune shifts versus number of turns (simulations done with 
chromatic effect). 
 
Figure 12.9 displays the emittance scatter-plot for a subset of 50000 macro-particles taken out from the 
original set of 99996 macro-particles used for the simulation. This data set is used for the following analysis 
of the density distribution of individual particle emittances. 
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Figure 12.9: Physical emittance scatter-plot εpH-εpV [μm-μm] at turn 15000 using 99996 and 50000 macro-particles 
(taken out of the 99996). The emittances are derived from the Courant-Snyder invariant for individual particles 
(εpH,V(100%)=72/162 μm on turn 15000, corresponding to εnH,V(100%)=45.4/102.1 μm). Only a few particles with the 
greatest emittances are not in the 50000 macro-particle plot (simulations done with chromatic effect). 
 
Figures 12.10-12.11 are snapshots of the LHC beam at turn 15000 along the acceleration cycle, where the 
particles reached the energy of 171 MeV. Figure 12.10 displays the semi-logarithmic plot of the ”upper tail 
area” (u.t.a.) and the probability density function (p.d.f.) of the horizontal and vertical normalized single 
particle emitances, derived from the individual particle emittance distribution (Figure 12.9). The horizontal 
u.t.a. drops quickly to tiny values while the vertical u.t.a. shows a heavy tail caused by the vertical halo seen 
in Figure 12.3 (right-part). Also, the horizontal u.t.a. behaves nearly like that of a Gaussian distribution with 
normalized r.m.s. emittance of 2.5 μm (i.e. the LHC beam emittance εnu=βγσu2/βu expressed in terms of the 
projected phase-space density onto the betatron amplitude axis, not the Courant-Snyder emittance defined as 
a phase-space ellipse area divided by π). Unlike the horizontal u.t.a., the vertical one is located well above 
the Gaussian distribution. The u.t.a. (1-Fu(εnu)) and the p.d.f. f(εnu) for a bivariate Gaussian distribution 





















































































   
Figure 12.10: Left: Semi-log u.t.a plot [%] (u.t.a. is the ”upper tail area” defined as Prob{Ε>εnu}) at turn 15000 of the 
horizontal/vertical normalized single particle emittance distributions (subset of 50000 macro-particles), calculated from 
Courant-Snyder invariant for individual particles. The semi-log u.t.a plot [%] of a horizontal/vertical normalized single 
particle emittance bivariate Gaussian distribution (with normalized r.m.s. emittances of 2.5 μm) is added for 
comparison. As an example, for the Gaussian beam distribution 1.8% of the particles have emittances above 20 μm. 
Right: Semi-log plot [%] of the related probability density functions (p.d.f.) fε(εnu) (i.e. the derivatives of the c.d.f.). The 
dashed area depicts the percentage (≈7%) of particles in the vertical tail (for εnu≥17 μm) on top of the Gaussian density. 
 
Figure 12.11 displays the percentage of the full beam that includes the individual particles with transverse 
physical emittances (i.e. Courant-Snyder invariant) not exceeding a definite value (i.e. c.d.f., Prob{Ε≤εnu}) 
(in the range 20 to 50 μm, normalized to 171 MeV). From this graph, it can be inferred that about 99% of the 
beam will remain within the acceptance of the PS at injection (where AH,V(1.4GeV)=60/20 μm or 
AnH,V(171MeV)=137/45.7 μm normalized acceptances at 171 MeV). This means that assuming no additional 
emittance blow-up, roughly 1% of the beam will be lost at PS injection due to the vertical acceptance. For a 
Gaussian beam with r.m.s. emittance εnu=2.5 μm this fraction of beam lost is negligible.  

































Figure 12.11: Fraction of the beam including the particles with horizontal/vertical emittances [μm] (Courant-Snyder 
definition) below a definite value (c.d.f. F(εu)=Prob{Ε≤εnu}). The small circle shows the fraction of beam standing 
within the PS normalized vertical acceptance (AnH,V=137/45.7 μm normalized at 171 MeV, vertical dotted line). This 
value defines the surviving part of the beam. The c.d.f. of a horizontal/vertical normalized single particle emittance 
Gaussian distribution (with normalized r.m.s. emittances of 2.5 μm) is shown for comparability. 
 
Finally, for the LHC beam it is meaningful to know what is the fraction of the particle beam laying outside 
a Gaussian distribution corresponding to normalized r.m.s. emittances of 2.5 μm.  This information is 
particularly pertinent in the vertical plane because the two beam tails strongly deviate in the far tail area as 
shown in Figure 12.10 (while for the horizontal plane they behave similarly in the distant tail area). 
The fraction of particle beam above the vertical Gaussian distribution is the surface of the dashed area in 
right-part of Figure 12.10 (from εnu=17 μm, the intersection of the two p.d.f., beyond which the tail of the 
simulated beam is heavier than that of the Gaussian). This percentage is the difference of the two u.t.a. (i.e. 
Prob(simulated beam){Ε>εnu}-Prob(Gaussian){Ε>εnu}), yielding ≈7% of particles in the vertical tail area 
with emittances higher than that of a Gaussian distribution with εnu(rms)=2.5 μm (and ≈4% of particles in the 
horizontal tail area).  
Observations 
Unlike the previous scenario, the performance of the PSB beam for LHC is not limited by the aperture of 
the PS accelerator at the 1.4 GeV injection but by the tight 2.5 μm emittance budget at PSB extraction. 
Indeed, about 99% of the beam will stay within the acceptance of the PS at injection (Figure 12.11). 
However, the horizontal and vertical normalized r.m.s. emittances attained 15000 turns after injection into the 
PSB (i.e. after 15 ms, reaching 171 MeV) already exceed by 57% and 31% the PSB emittance budget for the 
LHC beam (left-part of Figure 12.6). Around 4% (respectively 7%) of the particle beam distribution in the 
halo have horizontal emittances (respectively vertical emittances) larger than those of a Gaussian beam 
corresponding the PSB 2.5 μm normalized r.m.s. emittance for the LHC nominal beam. 
13. The effects of chromaticity 
The weight of the chromaticity in Accsim simulations is investigated in the next selected scenarios. For 
each case studied the simulations were made including linear chromatic effects (i.e. the particle focusing 
dependence on momentum deviation which leads to linear chromatic tune shifts via the first-order 
chromaticity ξ: ∆QH,V=ξH,V∆p/p). Chromatic effects may induce extra transverse beam emittance blow-up 
caused by further detuning yielding enlargement of the “necktie” area in the tune diagram which can drive 
the beam into stop-bands. Also, the tune modulation resulting from chromaticity and momentum modulation 
due to synchrotron motion can lead to trapping and detrapping in resonance islands and then to halo creation 
as suggested in [10]. Associated simulations were done too ignoring chromatic effects. Three cases examined 
before are revisited here to emphasize the influence of the chromaticity in the simulations. 
13.1. LHC beam with elliptic distributions at 160 MeV  
The initial conditions for the simulations are specified in section 8.1. Here, the study of the chromatic 
effect is performed for elliptical distribution only. The next figures display the evolution of the transverse and 
longitudinal beam emittances and space charge tune shifts with and without the chromatic effects.  
 



































Figure 13.1.1: Evolution of horizontal and vertical normalized r.m.s. emittances (left) and normalized 100% emittances 
(right) [μm] for elliptic distributions versus number of machine turns on a constant 160 MeV energy plateau (the 
continuous/dashed lines quote simulations done with/without chromatic effects).  
 
The PSB working point and chromaticity for this simulation scenario are QH,V=4.28/5.47 and ξH,V=-3.65/-
10.36. The simulations clearly show enhanced transverse emittance growth once chromatic effects are 
considered, especially for the vertical plane (yielding, after 15000 turns, 23% vertical additional r.m.s. 
emittance growths against only 2% horizontal additional growths for the elliptic distributions once including 
chromatic effects, see left-part of Figure 13.1.1). Unlike the transverse emittances the longitudinal emittance 
evolution remains quite similar with and without chromatic tune shift computations as shown in Figure 
13.1.2 (left-part). Right-part of Figure 13.1.2 indicates that the tune shifts are less important when chromatic 








































Figure 13.1.2: Left: Evolution of longitudinal r.m.s. emittances [eVs] for elliptic distributions versus number of machine 
turns on a constant 160 MeV energy plateau. 
Right: Evolution of horizontal and vertical space charge tune shifts for elliptic distributions versus number of machine 
turns on a constant 160 MeV energy plateau (the continuous/dashed lines quote simulations done with/without 
chromatic effects). 
 
It is noteworthy that the self-field space charge tune shift quoted in Accsim is the zero amplitude tune shift 


































where Bf is the bunching factor, Fu, Gu, Hu are form factors describing the image forces, transverse 
distributions and beam aspect ratios; Nt is the total number of particles, rp the classical proton radius, Qu the 
machine working point, β, γ the relativistic factors and εnu the normalized emittance at 100p% (0<p≤1) of 
particles (i.e. the utmost Courant-Snyder invariant value after taking off extreme particles with individual 
emittances in the top 100(1-p)%, keyword EMFRAC=p in Accsim, used in binning macro-particles and 
computing figures of merit like tune-shifts).  
Therefore, the emittance growth attributable to the space-charge forces tend to lessen the tune shift (i.e. 
⎟∆Qu⎜ falls off) as time proceeds. This effect is emphasized when including chromatic effects since the 
related emittance growth is more significant.  
- 26 - 
 For illustration, Figure 13.1.3 points up for the beam with elliptic distribution how the transverse 
emittances and tune shifts progress when various percentages of beam are used in the calculations (i.e. 95%, 
98%, 99% and 100%; values are quoted after 15000 machine turns). This plot clearly shows that extreme 



























Figure 13.1.3: Horizontal/vertical normalized emittances at 100p% of particles [μm] and horizontal/vertical tune-shifts 
at turn 15000 for elliptic distributions versus fraction 100p% of beam used in determining the maximum emittance 
(continuous/dashed lines quote simulations with/without chromatic effects). 
13.2. LHC beam with 1st and 2nd harmonics RF cavities at 160 MeV  
The initial parameter setting for these simulations are specified in paragraph 8.2. The effect of the 
chromaticity is examined only for the configuration using double h=1 and h=2 (in anti-phase) harmonic RF 
systems. Yet again, the figures below show the evolution of the transverse and longitudinal emittances along 
with the space charge tune shifts, computed by both including and excluding the chromatic effects (the PSB 
working point and chromaticity are identical to those in 13.1). Globally the same comments as for the 
previous scenario about the progression of transverse and longitudinal emittances, as well as the space charge 


































Figure 13.2.1: Evolution of horizontal and vertical normalized r.m.s. emittances (left) and normalized 100% emittances 
(right) [μm] for double h=1 & h=2 harmonic RF systems versus number of turns on a constant 160 MeV energy plateau. 
(continuous/dashed lines quote simulations done with/without chromatic effect). 




































Figure 13.2.2: Left: Evolution of longitudinal r.m.s. emittances [eVs] for double h=1 & h=2 harmonic RF systems 
versus number of machine turns on a constant 160 MeV energy plateau. Right: Evolution of horizontal and vertical 
space charge tune shifts for double h=1 & h=2 harmonic RF systems versus number of turns (continuous/dashed lines 
quote simulations with/without chromatic effects).  
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 13.3. CNGS-like beam with present 50 MeV multi-turn injection 
The initial conditions for the simulations are those in section 9. Again the evolution of transverse and 
longitudinal emittances and space charge tune shifts with and without chromatic effects are shown in the next 




































Figure 13.3.1: Left: Evolution of horizontal and vertical normalized r.m.s. emittances [μm] versus number of machine 
turns. Right: Evolution of horizontal/vertical normalized 100% emittances and horizontal/vertical normalized 99% 
emittances [μm] versus number of machine turns (continuous/dashed lines represent simulations with/without the 
chromatic effect; the 100% emittance progression with and without chromatic effect closely interlace). 
 
Unlike the previous cases, the present simulations show rather alike transverse emittance evolution 
whatever chromatic effects are considered or not. For this case the longitudinal emittance evolutions deviate 
from each other (27% longitudinal emittance additional decrease after 12000 turns, when taking into account 
chromatic effects, Figure 13.2.2 left-part). Remember that 90% of the particle beam is lost during the 
simulation over the first 15000 machine revolutions. As shown in Figure 13.2.3 the evolution of losses are 
quite similar (within ≈13%) whether the chromaticity is considered or not. Note that no losses occur during 






































Figure 13.3.2: Left: Evolution of longitudinal r.m.s. emittances [eVs] versus number of machine turns. Right: Evolution 
of horizontal/vertical space charge tune shifts (calculated using 100% emittances) and horizontal/vertical charge tune 
shifts (calculated using 99% emittances) versus number of machine turns (continuous/dashed lines represent simulations 

































Figure 13.3.3: Evolution of horizontal and vertical r.m.s. emittance blow-ups and percentage of particle lost versus 
number of turns (continuous/dashed lines represent simulations with/without the chromatic effect).  
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 14. Conclusions 
The results of the recent space charge simulation studies performed with Accsim programme to describe 
the evolution of the beam parameters during injection, acceleration and storage of the high brightness beams 
envisaged for the Linac4 injection into the PS Booster have been presented. Space charge simulations 
through Accsim code require intensive computing power and a full simulation of the full injection and 
acceleration process is probably out of reach. For that reason effort has been spent in reproducing the 
expected performance improvement at least in relative terms and in exploring possible means to reduce the 
space charge effects. The results of the simulations have been benchmarked with experiments when possible. 
From the present results the following conclusions can be drawn: 
– The emittance evolution of a 160 MeV high intensity beam is similar to that of a 50 MeV beam with 
half intensity and equal longitudinal and normalized transverse emittances confirming the expected 
scaling law resulting from the dependence of the space charge tune spread on injection energy. 
– The transverse emittances expected from the simulations for the nominal CNGS and LHC beams as 
delivered by Linac4 (see Table 1.1) are larger than the specified ones (in particular in the vertical plane) 
and important tails develop already at low energy when realistic longitudinal and transverse profiles 
and simple painting schemes are considered and when chromatic effects are taken into account 
– Benchmark of the simulations with present multi-turn injection at 50 MeV and experiments at 160 
MeV seem to indicate that the simulations are largely pessimistic.  
– As expected tailoring of the longitudinal and transverse distribution to minimize peak densities proves 
to be effective in reducing the emittance blow-up. 
– For the beams considered non negligible blow-up is observed up to energies of 400 MeV and for that 
reason simulations of the injection and acceleration at higher energies are required in the future. 
– The estimated emittance blow-up is sensitive to the initial transverse beam distribution and therefore 
realistic distributions coming from simulations of the beam behavior in the Linac4 and the transfer line 
should be used.  
– Control of the chromaticity (in particular in the vertical plane) could be a potential mean to reduce 
emittance blow-up and tail development.  
 
Besides from more studies to improve the simulation parameters that are used for the space-charge 
tracking routines (macro-particle number, space-charge grid definition…) further working points should be 
examined to struggle against the computed vertical growth. Additionally, the search for a more realistic 
model of the injection process should be analyzed; in particular the iso-adiabatic capture could be replaced by 
an injection through longitudinal painting. Actually, a controlled longitudinal injection painting scheme 
founded on a well driven modulation of the Linac4 output energy is being considered [5]. Concurrently, 
active simulations in the PSB using the Orbit code [11] developed at SNS are ongoing for cross-checking and 
for extending the interval of time during the acceleration covered by simulations. 
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A.  Appendix  
A.1. CNGS-like beam with fast acceleration from 160 to 400 MeV 
The simulation of a large part of a PSB cycle, say 250 ms to rise the beam energy to 500 MeV, would 
require to track the particles over more than 3×105 turns which will be exceedingly time consuming with 
present computers. To have a coarse estimate of the emittance evolution during acceleration to higher 
energies, the PSB RF voltage and the magnetic field derivative were artificially increased (up to ≈800 kV and 
≈30 T/s) so that 415 MeV are reached within 15000 turns; corresponding to 13.6 ms instead of 216 ms (a 
standard PSB cycle from 160 to 1.4 GeV takes about 530 ms). The present scenario implements the complete 
H- injection and acceleration processes. Like in the previous H- injection schemes a carbon stripping foil with 
a density of 100 μg/cm2 was assumed and a second harmonic system with ratio of 2nd to 1st harmonic voltage 
of 0.6 (in anti-phase) was added. For this scenario 99990 macro-particles (66 turns×1515 macro-particles per 
turn) were used to represent the 1.25×1013 particles of the CNGS beam. Figure A.1 illustrates the evolution of 






























Figure A.1: Left: Evolution of horizontal/vertical normalized (continuous lines) and physical (dotted lines) r.m.s. 
emittances [μm] versus number of machine turns (left) and energy [MeV]. Right: Evolution of horizontal/vertical space 
charge tune shifts versus energy [MeV] (simulations done without chromatic effect). 
Observations  
Left-part of Figure A.1 shows that the emittance blow-up is quite large up to about 400 MeV 
(∆εH,V/εH,V≈240%/930%) and tends to cancel afterwards. Doubtlessly, as unrealistic as this tentative 
simulation might be, it reveals that, the higher the beam energy the lower the space charge emittance blow-
up, as expected. Anyhow, the emittance figures after tracking must be analyzed and interpreted with insight 
before drawing any conclusive inference about expectations of true particle beam emittance evolution. 
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